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Fragile quantum effects such as single electron
charging in quantum dots or macroscopic coher-
ent tunneling in superconducting junctions are
the basis of modern quantum technologies. These
phenomena can only be observed in devices where
the characteristic spacing between energy levels
exceeds the thermal energy, kBT , demanding ef-
fective refrigeration techniques for nanoscale elec-
tronic devices. Commercially available dilution
refrigerators have enabled typical electron tem-
peratures in the 10 . . . 100mK regime, however
indirect cooling of nanodevices becomes ineffi-
cient due to stray radiofrequency heating and
weak thermal coupling of electrons to the de-
vice substrate. Here we report on passing the
millikelvin barrier for a nanoelectronic device.
Using a combination of on-chip and off-chip nu-
clear refrigeration, we reach an ultimate electron
temperature of Te = 421 ± 35µK measured by
a Coulomb-blockade thermometer. With a hold
time exceeding 85 hours below 700µK, we provide
a landmark demonstration of nanoelectronics in
the microkelvin regime.
Accessing the microkelvin regime [1] holds the po-
tential of enabling the observation of novel electronic
states, such as topological ordering [2], electron-nuclear
ferromagnets [3, 4], p-wave superconductivity [5] or non-
Abelian anyons [6] in the fractional quantum Hall regime
[7]. In addition, the error rate of various quantum de-
vices, including single electron charge pumps [8] and
superconducting quantum circuits [9] could improve by
more effective thermalization of the charge carriers.
The conventional means of cooling nanoelectronic de-
vices relies on the thermal coupling between the refriger-
ator and the conduction electrons, mediated by phonon-
phonon coupling in the insulating substrate, Q˙p-p ∝
T 4p1 − T 4p2 and electron-phonon coupling in the device
Q˙e-p ∝ T 5e − T 5p [10, 11], both rapidly diminishing at
low temperatures. In a typical dilution refrigerator,
Tp > 5mK, and specially built systems reach 1.8mK
[12], which limits Te > Tp to the millikelvin regime. The
lowest static electron temperature reached with this tech-
nique was Te = 3.9mK [13] in an all-metallic nanostruc-
ture, and other experiments reached similar values [14–
16] in semiconductor heterostructures.
This technological limitation can be bypassed by adia-
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batic magnetic refrigeration, which relies on the constant
occupation probability of the energy levels of a spin sys-
tem, ∼ exp(−gµBm/kBT ) in the absence of heat ex-
change with the environment [17]. Here, kBT is the ther-
mal energy at a temperature of T , gµB is the energy split
between adjacent levels at a magnetic field of B and m is
the spin index. Thus, the constant ratio B/T allows for
controlling the temperature of the spin system by chang-
ing the magnetic field. Exploiting the spin of the nuclei
[18, 19], this technique has been utilized to cool bulk met-
als down to the temperature range of T ∼ 100 pK [20]. If
only Zeeman splitting is present, which is linear in B, the
ultimate temperature is limited by the decreasing molar
heat capacity, Cn = αB2/T 2 in the presence of finite heat
leaks, Q˙leak. Here, the prefactor α = N0I(I+1)µ2ng2n/3kB
contains I, the size of the spin, gn, the g-factor, N0, the
Avogadro number and µn, the nuclear magneton.
Bulk nuclear cooling stages have predominantly been
built of copper [19], owing to its high thermal conduc-
tivity, beneficial metallurgic properties and weakly cou-
pled nuclear spins, which allows for magnetic refrigera-
tion of the nuclear spins down to 50 nK [21], however
the weak hyperfine interaction results in a decoupling
of the electron system at much higher temperatures,
∼ 100µK. Another material, a Van Vleck paramagnet,
PrNi5, has been used as a bulk nuclear refrigerant ex-
ploiting its interaction-enhanced heat capacity in a tem-
perature range of T > 200µK [22] even in dry dilution
refrigerators [23].
Integrating the nuclear refrigerant with the nanoelec-
tronic device yields a direct heat transfer between the
electrons and nuclei Q˙e−n = ακ−1B2 (Te/Tn − 1) per
mole. Here, κ is the Korringa constant, and Te, Tn are
the electron and nuclear spin temperatures, respectively.
Owing to an α/κ ratio 60 times better than that of cop-
per, indium has recently been demonstrated as a viable
on-chip nuclear refrigerant [24]. In addition, indium al-
lows for on-chip integration of patterned thick films by
electrodeposition and has been demonstrated as a versa-
tile interconnect material for superconducting quantum
circuits [25].
However, on-chip nuclear refrigeration is limited by the
large molar heat leaks, which thus far limited the attain-
able electron temperatures above 3mK both for copper
[26] and indium [24] as on-chip refrigerant. Furthermore,
only very short hold times were attained, limiting the
practical applications of these devices. In contrast, en-
capsulating the chip in a microkelvin environment has
led to superior cooling performance using copper, yield-
ing Te = 2.8mK with a hold time of approximately 1 hour
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FIG. 1. The experimental setup. (A) The cross-sectional sketch of the setup integrated into a dilution refrigerator with
the characteristic temperatures listed on the left. The device, a Coulomb-blockade thermometer (CBT) with the integrated
indium refrigerant is shown as a cyan box, encircled in red. (B) The thermal path between the mixing chamber of the dilution
refrigerator and the CBT (highlighted in cyan, the grey blocks denote In cooling fins). The electrical signal lines pass through
the indium blocks. The effective molar amount of the refrigerant material is listed in each block, respectively. (C) Photograph
of the CBT chip with the press-welded connections to the off-chip indium stages consisting of 1mm diameter indium wires
are visible on the left. (D) Photograph of the indium refrigerant mounted on the copper block with an electrically insulating
membrane in between. The picture was taken during the assembly of the stage. The slots of the copper block contain the
copper powder filters of the electrical lines to reduce radiofrequency heating, see also the cross-sectional image in panel (E).
(F) False-coloured scanning electron micrograph of an island of the CBT, with a cross-sectional schematics shown in panel (G)
along with the legend of colours. The encircled Al/AlOx/Al tunnel junction is shown in higher magnification in panel (H).
below 3mK [27].
Here, we report on a combined on- and off-chip nuclear
demagnetization approach, which surpasses the 1mK
barrier in a nanoelectronic device. We demonstrate an
electron temperature below 500µK by combining on-chip
indium cooling fins with an off-chip parallel network of
bulk indium leads attached to a copper frame. By demag-
netization cooling of all components together we greatly
reduce the heat leak to the nanoscale device, enabling
both a record low final electron temperature and long
hold times in excess of 85 hours demonstrating the viable
utilization for quantum transport experiments in the mi-
crokelvin regime.
We discuss the experimental setup following the cross-
sectional drawing in Fig. 1A. Our design is accommo-
dated by a commercial dilution refrigerator [28] with
several microwave-tight radiation shields to reduce elec-
tronic noise coupling to the nanostructure. The magnetic
field required for magnetic cooling was applied by a su-
perconducting solenoid with a rated field of 13T. The de-
vice was installed in the field centre, however parts of the
off-chip refrigerants were subjected to smaller magnetic
fields defined by the field profile of the solenoid, which
we account for by listing the effective molar amount of
the materials.
We attach the copper frame (1.7mol total, 0.32mol ef-
fective amount) to the mixing chamber via an aluminium-
foil heat switch [29], which is activated by a small solenoid
at ≈ 10mT. Crucially for our design, the electrical mea-
surement lines are not connected to the copper stage,
rather to the parallel network of nuclear cooled indium
wires with a 23mmol total and 17mmol effective amount
per line. These wires are attached to the copper frame
by an epoxy resin membrane (Fig. 1B) which provides
an additional layer of thermal isolation during nuclear
cooling. The electrical and thermal contact to the device
is made by press welding the indium wires onto electro-
plated indium bonding pads on the chip (Fig. 1C).
We apply both electronic filtering and microwave
shielding in order to reach sub-1 mK electron tempera-
tures. We thermalize all electrical lines by custom-made
copper-powder filters [30] at each stage of the dilution
refrigerator and a fifth order RC filter with a cutoff fre-
quency of 50 kHz at the mixing chamber. To decouple the
cold chip below 1mK from the thermal noise of the mix-
ing chamber [31], we install an additional set of copper-
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FIG. 2. Calibration and primary operation of the
CBT. (A) The voltage-dependent differential conductance,
G of the device at different temperatures. The conductance is
normalized with the conductance at large bias, Gt and fitted
against the single electron tunneling model to determine the
electron temperature for each curve and the total capacitance
per island, CΣ = 669.8±2.2 fF. The inset shows Gt as a func-
tion of the magnetic field, at two distinct temperatures. (B)
The electron temperature, Te at B = 100mT with the heat
switch closed as a function of the mixing chamber temperature
of the dilution refrigerator, measured by a calibrated cerium
magnesium nitrate (CMN) mutual inductance thermometer.
The temperature errors are shown as horizontal and vertical
lines, respectively. (C) The zero bias calibration curve based
on CΣ with the kBTe = 0.4EC limit [32] depicted as the hor-
izontal line, see text. The theoretical maximum of Te(G/Gt)
with all CBT islands in full Coulomb blockade is denoted by
the orange line. The average Te and the 3σ confidence in-
terval are shown as the blue solid line and the blue shaded
region, respectively, based on the Markov chain Monte Carlo
(MCMC) method, see text.
powder filters within the copper stage which is demagne-
tizated together with the indium lines (Fig. 1D,E). Fur-
ther details on the measurement circuit are listed in the
Supplementary Information.
To directly measure the electron temperature, we uti-
lize a Coulomb-blockade thermometer (CBT) [33]. CBTs
rely on the universal suppression of charge fluctuations
in small metallic islands enclosed between tunnel bar-
riers at low electron temperatures. With a total ca-
pacitance of each island, CΣ, we define the charging
energy for a tunnel junction array of length N to be
EC = e
2/CΣ × (N − 1)/N with e being the charge of a
single electron. In the weak charging regime, kBTe  Ec,
the full width at half maximum of the charging curve is
eV1/2 = 5.439NkBT , providing the possibility of primary
thermometry independent of EC defined by the device
geometry [34]. Crucially for temperature measurements
during demagnetization cooling, CBTs exhibit no sensi-
tivity to the applied magnetic field [35].
We fabricated a 36 × 15 array with an ex-situ
Al/AlOx/Al tunnel junction process [24, 36] to create
junctions of 780 × 780 nm2 in size (Fig. 1H). Since the
highly resistive tunnel junctions with Rj = 35 kΩ cor-
respond to a high thermal barrier, we electrodeposited
indium cooling fins (50 × 140 × 25.4µm3 corresponding
to 11.4nmol, see Fig. 1F,G) on each island for local nu-
clear cooling. We note that the current device has only
5 conducting lines, resulting in an N ×M = 36× 5 CBT
array. The details of the device fabrication are previously
described in [24].
In Fig. 2A, we show the normalised differential con-
ductance G(V )/Gt of the CBT at different temperatures
obtained by conventional low frequency lock-in technique
at 19.3Hz. We use the master equation of single electron
tunneling [33, 34] to find the electron temperature of each
curve and the charging energy as a global fit parameter,
EC = 232.6±0.8 neV, yielding CΣ = 670±2 fF. Remark-
ably, at a small magnetic field of B = 45mT required to
suppress superconductivity, we achieve an electron tem-
perature Te = 7.07± 0.09mK by phonon cooling, attest-
ing to the well-shielded environment of the device. We
note that at this low temperature, we had to account for
the Joule heating of the CBT chip [37], see the Supple-
mentary Information. Upon calibration, we numerically
invert G(Te, EC , N,Gt) to use for continuous thermome-
try, see the Supplementary Information. We note that we
observe a temperature-independent ∆Gt/Gt ≈ 0.03 mag-
netoresistance between zero and 12T (inset of Fig. 2A),
which we account for during the magnetic field ramps.
To demonstrate the limitations of phonon cooling, we
evaluate Te as a function of the mixing chamber tem-
perature and observe a saturation behavior below 10mK
(Fig. 2B).
In the low temperature regime, where EC >∼ kBTe,
random island charge offsets influence the conductance of
the CBT [32]. Here, G/Gt can be calculated by a Markov
chain electron counting model with a random set of offset
charges for each island. Using the Markov chain Monte
Carlo (MCMC) approach, we evaluate the conductances
of the tunnel junction chain for 1000 gate charge config-
urations at a given Te, and build a histogram of the total
CBT conductance, which is the a sum ofM = 5 randomly
selected line conductances. We plot the average of the in-
verse function Te(G/Gt) with a 3σ confidence interval in
Fig. 2C (blue solid line and blue shade, respectively). In
comparison, we display the Te = 0.4EC/kB = 1.1mK
limit of the universal behaviour [32]. In addition, we
plot the theoretical maximum of Te(G/Gt), which occurs
when all islands are in full Coulomb blockade. The de-
tails of our numerical simulations can be found in the
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FIG. 3. Nuclear demagnetization of the CBT to the
microkelvin regime. (A) A nuclear demagnetization run
starting from Te = 13mK and Bi = 12T ramping down to
Bf = 0.1T with a ramp rate of B˙(B) = [−2 × 10−4s−1] · B.
The inset shows a closer view of the minimum electron tem-
perature reaching well below Te = 500µK for all numerical
models, see text. (B) The inverse temperature 1/Te as a
function of time, which is used to estimate the heat leak, see
text. (C) and (D) display finite bias voltage data in demon-
stration of the primary CBT operation in the µK regime. (E)
Finite voltage bias data of the CBT in a broad temperature
range. In panels (C), (D) and (E), the experimental data is
shown as circles and the fits yielding Te listed in the legend
are denoted by dashed lines, see text.
Supplementary Information.
We initialize a nuclear demagnetization experiment
by precooling the device with a closed heat switch at
Bi = 12T and reach Te,i = 13mK after precooling for
164 hours. After opening the heat switch, we remove
the magnetic field with a decreasing rate of B˙(B) =
[−2× 10−4s−1] · B to Bf = 0.1T, which results in a de-
creasing Te (Fig. 3A). After finishing the ramp, we find
the lowest electron temperature Te = 421 ± 35µK cal-
culated using our MCMC model, averaged over a period
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FIG. 4. Properties of indium as a nuclear refrigerant
for electrons. (A) The intercept of the extrapolated T 2e (B2)
linear regression (dashed lines) with different starting condi-
tions define the internal magnetic field of |b| = 295 ± 7mT.
The experimental data is shown as circles. (B) The Te(B)
plots demonstrate that the internal field limits the obtained
electron temperature. Experimental data is shown as solid
lines. The dashed lines with constant T/
√
B2 + b2 assuming
perfect adiabaticity are shown with two different starting con-
ditions. The inset shows a magnetic field ramp B = 1T →
8T→ 1T yielding an adiabatic efficiency of η = 1.00± 0.04,
see text.
of one hour (see inset of Fig. 3A). We note that the full
blockade limit of the CBT also yields Te,min < 500µK
(orange line).
After reaching the minimum temperature, the device
gradually warms up. We find a warm-up rate of T˙e =
1.7µK/h, and a hold time of 85 hours with Te < 700µK.
This duration is limited by the cryogenic liquid transfer
to the host cryostat, which induced mechanical vibrations
and consequently a rapid warmup of the device.
As a proof of concept quantum transport experiment in
the microkelvin regime, we measure the finite bias charg-
ing curve of the CBT at two different temperatures below
1mK (circles in Fig. 3C,D). Remarkably, we find an ex-
cellent agreement with the calculated curves, using Te as
the single fit parameter (dashed lines). In addition, we
observe no distortion of the lineshape due to Joule heat-
ing at finite voltage biases, further demonstrating the
role of strong electron-nucleus coupling in indium. To
demonstrate the wide range of primary thermometry in
our regime of interest, we display a set of experimental
data taken between Te = 480µK and 23.2mK (Fig. 3E)
together with the fitted theoretical curves on a logarith-
mic scale (circles and dashed lines, respectively).
Next, we turn to the refrigeration properties of indium,
5and display a series of Te(B) curves in Fig. 4. Notably,
T 2e (B
2) follows a linear proportionality, with a negative
intercept, −b2 = −(295±7mT)2 (Fig. 4A), which demon-
strates that indium does not follow a constant B/T ratio.
We attribute our results to the strong quadrupolar split-
ting due to the inhomogenuous electric field in the crys-
talline lattice [38]. A resulting effective magnetic field b
then adds to the applied magnetic field, B2tot = B2 + b2
[38], which limits the lowest attainable temperature, even
if B  b (Fig. 4B). Our measurements yield similar b
values to earlier nuclear demagnetization experiments in
bulk indium samples [39]. This correspondence directly
confirms that the measured Te and the inferred nuclear
spin temperature, Tn are close to each other, which is
the key requirement for nuclear demagnetization cooling
of nanoelectronics.
Based on the obtained internal magnetic field, we
estimate the heat leak of the CBT as Q˙leak =
−nαB2tot d(1/Te)dt , where n is the molar amount of
the refrigerant and d(1/Te)/dt is the inverse warmup
rate (Fig. 3B). At B = 100mT, we get Q˙leak =
26.7 aW/island, which is lower than the value obtained
earlier using copper [27].
The small heat leak is further attested by the direct
demonstration of the adiabaticity of the experiment. In
the inset of Fig. 4B, we show a measurement run starting
with Bi = 1T and Te,i = 1.57± 0.01mK. After ramping
up the magnetic field up to 8T and back to Bf = 1T,
we acquire Te,f = 1.57 ± 0.06mK. With Bf = Bi, the
adiabatic efficiency [27] reads η = Te,i/Te,f = 1.00 ±
0.04, unity within error margin. This remarkable result
demonstrates the outstanding control of Te by setting
the magnetic field, which is unprecedented for nuclear
magnetic cooling stages built for nanoelectronics.
In conclusion, we demonstrated nuclear magnetic cool-
ing of electrons in a nanostructure down to an ultimate
temperature of Te = 421 ± 35µK. Integrating on- and
off-chip refrigeration utilizing the strong electron-nucleus
coupling of indium, we achieve 85 hours of hold time in
the microkelvin range, which opens up this, so far un-
explored, temperature regime for nanoelectronic devices
and quantum transport experiments in pursuit of novel
topological and interacting electron systems. In addition,
we extend the range of primary nanoelectronic thermom-
etry below 1mK, opening new avenues for metrological
applications and quantum sensing in the ultra-low elec-
tron temperature regime. Cooling down electrons to the
microkelvin regime also paves the way towards investigat-
ing the limits of quantum coherence in solid state devices
on the macroscopic scale [40].
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